For freshwater prey like Daphnia and larvae of Chaoborus, it is well documented that they adjust their residence depth in the water column in response to predator kairomones in order to decrease encounter probability with the respective predator. Despite the importance of infochemicals in predator-prey interactions, it has not been tested if predators adjust their residence depth in response to infochemicals released by prey. Here, we use an indoor system with a stratified water column and show that the predatory phantom midge Chaoborus prefers strata with Daphnia incubation water over strata with control water. Further, the chemically mediated effect of a top predator (fish) on this system was shown to be light dependent with Chaoborus avoiding prey-conditioned water when it also contained fish kairomone in brighter surface water, but not in deeper and thus darker water layers. The foraging kairomone released by Daphnia can be extracted from incubation water via C 18 -based solid-phase extraction. These results add another dimension to the steering role of infochemicals in predator-prey interactions in zooplankton.
I N T RO D U C T I O N
Predation is one of the major driving forces that shape natural communities (Zaret, 1980) , and therefore understanding of the mechanisms of predator-prey interactions is essential to fully comprehend whole ecosystems. In standing freshwaters, the keystone crustacean Daphnia is a major prey for higher trophic levels, and frequently the larvae of the phantom midge Chaoborus are the major invertebrate predator of daphnids. However, the interaction of larvae of Chaoborus with Daphnia has largely been studied with respect to the high phenotypical plasticity of Daphnia. Daphnids have been shown to react to infochemicals released by their predators, the so-called kairomones, with various defence strategies. Oram and Spitze (Oram and Spitze, 2013) demonstrated that neonates of D. pulex position themselves higher in the water column when exposed to Chaoborus kairomone compared with control treatments without kairomone. Besides this behavioural defence, exposure to Chaoborus kairomone induces changes in Daphnia's body morphology by enlargement of heads (Tollrian, 1990) or tail spines (Dzialowski et al., 2003) or by development of new structures like neckteeth that reduce mortality due to Chaoborus predation (Havel and Dodson, 1984) . Thus Daphnia seem to be provided with a plethora of mechanisms to defend against Chaoborus larvae and reduce the larvae's foraging success. Kotov and Taylor (Kotov and Taylor, 2011 ) investigated fossils of ephippia and Chaoboridae associated with the Jurassic-Cretaceous boundary, suggesting a coevolution of both groups over 145 million years. Thus, it seems reasonable that Chaoborus larvae have evolved means of increasing their efficiency when preying upon Daphnia.
One means of achieving this might be the utilization of chemical cues released by Daphnia for increasing the encounter probability of Chaoborus larvae with daphnids. Since the vertical position of Daphnia in the water column changes seasonally and diurnally, it is reasonable to assume that larvae of Chaoborus are able to sense the vertical presence of Daphnia and to adjust their own vertical position in the water column accordingly. Chemical compounds, which are released by the prey and that mediate such a food-finding response in the predator, are termed foraging kairomones. In aquatic systems, Fink et al. (Fink et al., 2006) reported an example of foraging kairomones in the aquatic realm: they showed that the pulmonate snail Radix ovata is attracted to volatile organic compounds released from disintegrated cells of the benthic, matforming green algae Ulothrix fimbriata. This system is even more complex as shown by Moelzner and Fink (Moelzner and Fink, 2014) , who demonstrated that snails are even able to differentiate between food of high and low quality by recognizing quality-specific bouquets of volatile organic compounds. With respect to larvae of Chaoborus, it has been shown that fourth instar larvae of both C. americanus and C. punctipennis increased their movement frequency when exposed to prey-conditioned water (Berendonk and Obrien, 1996) . However, the prey consisted of a mix of daphnids and copepods, making it impossible to attribute the observed effect to either prey alone. Furthermore, Chaoborus larvae are sit-and-wait predators, and it remains unclear if prey-conditioned water would affect the vertical position of Chaoborus in the water column. Here, we investigate whether Daphnia release chemical cues that affect the vertical position of Chaoborus larvae in a stratified water column (Table I) .
However, larvae of Chaoborus are not the top predator in aquatic foodwebs. Vertebrates like the Eurasian perch (Perca fluviatilis) have been shown to prey heavily on Chaoborus larvae (Regmi et al., 2013) . In controlled lab experiments, Dawidowicz et al. (Dawidowicz et al., 1990) showed that water, which had previously contained fish (Gasterosteus aculeatus L.), affected the day and night time vertical position of Chaoborus flavicans larvae such that the larvae moved to deeper strata in the water column, where detectability for optically hunting fish would be reduced. Additionally, although much is known about fish-induced DVM in Chaoborus, the infochemically mediated effects of the simultaneous presence of a predator and a prey on a species remain poorly understood. As, in many cases, larvae of Chaoborus coexist with predators ( planktivorous fish) and Daphnia as prey, we here further investigate the combined effects of kairomones from a predator and from a prey on the vertical position of Chaoborus larvae in the water column.
Therefore, experiments were designed to test whether the application of Daphnia incubation water at the top or bottom end of an experimental tube will affect the daytime vertical position of Chaoborus larvae. Subsequently, with the insights gained from these experiments, additional trials were conducted, which incorporated not only Daphnia incubation water but also fish kairomones in order to simulate more ecologically relevant and thus natural conditions with both a predator and a prey present.
Finally, it was tested if the Daphnia-borne kairomone could be enriched by using C 18 -based solid-phase extraction. On the one hand, C 18 extraction has been proven to be a useful tool for the enrichment of the kairomones from incubation water of both Chaoborus (Tollrian and von Elert, 1994) and fish (von Elert and Loose, 1996; von Elert and Pohnert, 2000) , which have been shown to induce various defences in Daphnia. This opportunity to 
M E T H O D Animals
Fourth instar Chaoborus obscuripes larvae were obtained from an Internet pet shop (Interquaristik.de). Prior to the experiments, the animals were transferred to aged and aerated tap water and starved for at least 1 day to increase foraging motivation. Daphnia magna clone B originated from the Großer Binnensee in Germany, N 54.324828, E 10.629541 (Lampert and Rothhaupt, 1991) . For the preparation of Daphnia incubation water, between 300 and 450 adult D. magna per litre were kept in 10 L of aged and aerated tap water and fed with 2 mg C/L Chlamydomonas klinobasis. After 24 h, the Daphnia were sieved off, and the incubation water was filtered with glass fibre filters (MN 85/220, pore size 0.4 mm, 47 mm diameter, Macherey & Nagel, Düren, Germany). Control water with only 2 mg C/L of Chlamydomonas klinobasis but without Daphnia was treated identically.
Daphnia food
Daphnia were fed the green alga Chlamydomonas klinobasis, strain 56, from the culture collection of the work group. Chlamydomonas klinobasis was grown in 5 L semicontinuous batch cultures (208C; illumination: 120 mmol photons per second and square meter) by replacing every other day 20% of the culture with fresh, sterile Cyano medium (Elert and Juttner, 1997), to which 1 mL of a vitamin stock solution [modified according to (Guillard et al., 1975) ] had been added per litre of medium. Subsequently, the suspension was filtered through a 30 mm gauze to remove particles that cannot be filtered by Daphnia.
Extracts of fish incubation water
Three Perca fluviatilis (body size: 10-12 cm) were preconditioned for 24 h without food and then kept for another 24 h in 8 L of aged tap water at 188C without feeding. The incubation water was filtered through glass fibre filters (Whatman, MN 85/220, pore size 0.4 mm, 47 mm diameter, Macherey & Nagel, Düren, Germany). For bulk enrichment of the kairomones from the incubation water as performed according to von Elert and Stibor (von Elert and Stibor, 2006 ): a C 18 solid-phase cartridge (10 g of sorbent, volume 60 mL, end-capped, Varian Mega Bond Elut, Agilent Technologies) was preconditioned with 50 mL methanol and 50 mL ultrapure water prior to adding the sample. Methanol was added to the incubation water to obtain a 1% concentration, and a volume of 2 L was passed through the cartridge. The loaded cartridge was then washed with 50 mL of ultrapure water and eluted with 50 mL of methanol. The eluates originating from 10 L of fish incubation water were pooled and evaporated to dryness using a rotary evaporator and then redissolved in 1 mL of absolute ethanol. Water without fish was used for the production of a control extract. The same standardized extracts of control water and fish incubation water were used for all experiments. For all experiments, 100 mL of extract of control water or of fish incubation water was dissolved per 1 L of aged tap water used in the experimental tubes.
Bioassay in the plankton organ
The behavioural assays used a setup developed by Dawidowicz and Loose (Dawidowicz and Loose, 1992) and modified such that it was run in batch instead of flow-through mode. The experiments were carried out in Perspex tubes (1 m height, 200 mL volume), which were placed in a water bath with a defined temperature stratification ( Fig. 1) mimicking a stratified lake. The tubes were Fig. 1 . Temperature conditions in the plankton organ. The two boxes on the right illustrate how differently tempered water was applied to the experimental tubes to ensure a stratification of incubation water and control water. White corresponds to water at room temperature and grey to precooled water at 48C. Shaded areas mark the appliance of Daphnia incubation water; areas without shades are control water.
illuminated from the top. To secure stratification in the experimental tubes in order to provide foraging and predator kairomones either only in the upper or in the lower stratum, the tubes were filled first with 50 mL precooled water of 48C. Subsequently, 150 mL of water at room temperature were carefully added.
For all bioassays, the vertical positions of C. obscuripes larvae were recorded 5 h after the introduction of the Chaoborus larvae. All experiments were carried out under daytime light conditions with six to eight Chaoborus larvae. This irregular number resulted from mortality which occurred probably due to the unfavourable conditions during transportation and took place randomly in all treatments. Mean values of vertical positions of all larvae in one tube were calculated and treated as one biological replicate.
To test for a reaction of Chaoborus larvae to kairomones released by fish, larvae were placed in each experimental tube that contained either aged tap water (negative control), control water extract or fish incubation water extract. All treatments were replicated six-fold.
In order to investigate the effect of Daphnia incubation water on the vertical position of Chaoborus larvae, 50 mL precooled incubation water were transferred into to lower quarter of the experimental tubes. The tubes were then carefully filled with control water at room temperature. This treatment is from now on referred to as "DW bottom". Another set of tubes were filled with precooled control water in the lower quarter of the experimental tubes, and then a layer of 50 mL control water of room temperature was gently poured on top. The top half of the experimental tubes was then filled with 100 mL Daphnia incubation water of room temperature. This treatment is from now on referred to as "DW top". All treatments were replicated 11-fold.
As the predator (fish) and the prey (Daphnia) are often present simultaneously under natural conditions, a combined experimental setup was designed, in which Chaoborus larvae were exposed to kairomones from fish and Daphnia at the same time. Therefore, Chaoborus larvae were exposed to prey-conditioned water either exclusively (DW top, DW bottom) or to prey-conditioned water spiked with fish incubation water extract. All treatments were replicated 10-fold.
In order to test if the biological activity of Daphnia incubation water can be enriched by solid-phase extraction, Daphnia incubation water was extracted via by C 18 solidphase extraction as described above. Control water was treated identically. From both control and Daphnia incubation water, the C 18 permeates were collected and evaporated to dryness to remove the methanol that had been added prior to the extraction. The dried residue, which originated from 1 L of incubation water, was redissolved in 500 mL ultrapure water only to balance potential losses during the processing. Two separate bioassays were carried out; one with Chaoborus larvae subjected to the C 18 permeates of control water and Daphnia incubation water, one with larvae subjected to the C 18 extracts either from control or Daphnia incubation water. Each bioassay was performed with control water as a negative control and Daphnia incubation water as a positive control. All tested controls, permeates and extracts were applied as precooled volumes of 50 mL to the lower strata of the experimental tubes. The tubes were then filled with control water, and the experiments were replicated 10-fold.
Statistics
All data were checked for homoscedasticity (Levene's test). If this was the case, a t-test (in case of two treatments) or an analyses of variance (one-way ANOVA, in case of more than two treatments) and post hoc tests (Tukey) were conducted. All statistical calculations were carried out using "STATISTICA" (StarSoft Inc., V 6.0). The significance level was set to P , 0.05 for all tests.
R E S U LT S
When incubation water of a planktivorous fish (Perca fluviatilis) was extracted by a lipophilic solid phase, the resultant extract induced a deeper daytime residence (55 cm) of Chaoborus larvae in the stratified water column than a control extract (41 cm) and a negative control (42 cm) did (Fig. 2 , one-way ANOV A: P , 0.0005; F 2, 15 ¼ 21.12 Fig. 2 . Mean (þSE, n ¼ 6) vertical daytime position of Chaoborus larvae in a stratified water column. The negative control treatment contained aged tap water, the control water extract contained aged tap water spiked with control water extract and the fish treatment consisted of aged tap water spiked with an extract of fish incubation water (Perca fluviatilis). * indicates a significant difference between treatment and negative control.
followed by Tukey's HSD). The vertical position of the larvae did not differ between the two controls (Tukey's HSD: P ¼ 0.71).
Chaoborus larvae in the control treatments experienced a mean temperature of 16.88C, whereas those exposed to extract of fish incubation water resided at a mean temperature of 14.68C.
The subsequent experiment was conducted to test the ability of Chaoborus larvae to perceive their prey Daphnia chemically. Daphnia incubation water, applied either exclusively in the lower or upper stratum of the experimental tube, had a significant effect on the mean daytime residence depth of the Chaoborus larvae [ Fig. 3 , t-test: t(20) ¼ 25.23, P , 0.00005]. In tubes with Daphnia incubation water in the lower stratum of the tubes, Chaoborus larvae were attracted to a deeper daytime residence depth (65 cm) with lower mean temperature (13.78C) compared with tubes with Daphnia incubation water on top (35 cm and 18.48C). This experiment does not include a negative control without any Daphnia incubation water added to either top or bottom. However, we included independent negative controls in three other experiments of this study (Figs 2, 5 and 6), which did not differ from one another (one-way ANOVA, F 2, 23 ¼ 0.631, P ¼ 0.5412), and all ranged between 38 and 43 cm. Thus it is reasonable to assume that a vertical position around 40 cm is the common residence depth for Chaoborus larvae in negative controls in this experimental setup. This also applies to the experiment depicted in Figure 4 . In order to test how the simultaneous presence of chemical cues from fish and from Daphnia would affect the vertical position of Chaoborus larvae, we exposed Chaoborus larvae to Daphnia incubation water in the upper or lower stratum of the water column, and in half of the treatments this Daphnia incubation water was additionally spiked with extract of fish incubation water (Fig. 4) . A one-way ANOVA revealed significant differences in residence depth of Chaoborus larvae (F 3, 36 ¼ 13.857; P , 0.00005). As in the earlier experiment (Fig. 3) , DW top and bottom resulted in Chaoborus larvae residing at significantly different depths (DW top at 40 cm compared with DW bottom at 70; P , 0.0005 after Tukey). Additional spiking with the extract of fish incubation water resulted in a significant shift in the position of the larvae from 40 cm in DW top to 70 cm in "DW to P þ fish" (P , 0.0005 after Tukey). In the DW bottom treatment, the spiking with extract of fish incubation water had no effect on the depth or residence (70 cm in DW bottom, 65 cm in DW bottom þ fish, P ¼ 0.879, after Tukey). The mean positions of Chaoborus larvae in the DW bottom treatment spiked with fish were significantly deeper than those in the DW top treatment (Tukey's HSD: P , 0.001). In order to test if it would be possible to obtain a concentrated and stable biologically active extract of the Daphnia incubation water, this water was subjected to extraction by a lipophilic solid phase (C 18 SPE). Therefore, both control water and Daphnia incubation water were passed through a C 18 cartridge, and the permeates were subjected to a bioassay with control water and Daphnia incubation water as negative and positive controls, respectively. Daphnia incubation water applied to the lower stratum of the water column induced a significantly deeper daytime residence (66 cm) of Chaoborus larvae in the stratified water column than control water (38 cm), control permeate (38 cm) and Daphnia incubation water permeate (38 cm) (Fig. 5 , one-way ANOVA: P , 0.0005; F 3, 26 ¼ 27.00 followed by Tukey's HSD). The vertical position of the larvae differed neither between the two permeates (Tukey's HSD: P ¼ 0.999) nor between either permeate or the negative control (Tukey's HSD: P ¼ 0.998 for control permeate and 0.999 for Daphnia water permeate). This suggested that the biological activity of the Daphnia incubation water had been retained by the lipophilic surface. In order to test for a putative retention of this activity, the respective SPE-cartridge was eluted with methanol, which resulted in the respective extract. A subsequent bioassay revealed significantly different mean daytime residence of Chaoborus larvae (Fig. 6 , one-way ANOVA: P , 0.0005; F 3, 35 ¼ 27.00 followed by Tukey's HSD). The mean daytime residence of Chaoborus larvae in a stratified water column in the negative control (38 cm) differed significantly from the positive control (69 cm, Tukey's HSD: P , 0.0005) and the Daphnia incubation water extract (62 cm, Tukey's HSD: P , 0.0005) but not from the control extract (40 cm, Tukey's HSD: P ¼ 0.969). The response to Daphnia incubation water extract did not differ from that to the positive control (Tukey's HSD: P ¼ 0.467) but was different from the control extract (Tukey's HSD: P , 0.005).
D I S C U S S I O N
The results of this work show for the first time a chemically mediated prey-induced vertical migration in Chaoborus larvae. The kairomone can be enriched from Daphnia incubation water by C 18 -based solid-phase extraction. Further, results from previous studies concerning the induction of DVM in Chaoborus could be reproduced by applying fish kairomone extract. The simultaneous exposure of Chaoborus larvae to kairomones from prey (Daphnia) and predator (fish) highlighted the complexity of multi-trophic environments with Chaoborus larvae avoiding Daphnia incubation water that was spiked with fish incubation water extract and applied exclusively in the top water layer and ignoring the kairomone of their predator if it was applied to the bottom layer.
When Chaoborus larvae follow the chemical signal(s) released by Daphnia prey in the hypolimnion, the benefit of an increased encounter probability with prey is tradedoff by lower developmental rates (Buns and Ratte, 1991) and by slower attack rates and longer handling times caused by lower temperatures in the deeper strata (Spitze, 1985) . The fact that Chaoborus not only induces vertical migration in a variety of different zooplankton species (Lagergren et al., 2008) but also uses chemical cues of prey as foraging kairomones shows once more how complex and sophisticated their predator-prey interactions are. Such a chemically induced change in behaviour of Chaoborus due to dissolved cues of zooplankton prey has as yet only been reported with respect to an increase of movement frequencies (Berendonk and Obrien, 1996) .
It is reasonable to assume that the attraction of Chaoborus larvae to the water layer with Daphnia-borne chemical cues represents an adaptive response. Larvae of Chaoborus are the sit-and-wait predators and are known to mainly rely on tactile stimuli for the short-distance attack of prey. Therefore, unlike planktivorous fish, the predation efficiency of Chaoborus larvae on zooplankton is not affected by the ambient light level (Swift and Forward, 1981) . Assuming that attraction of Chaoborus larvae to the layer of Daphnia's residence will increase the probability of encountering Daphnia, the chemical cues released by this prey may be termed foraging kairomones (Ruther et al., 2002) .
In this work, water with a density of 300 to 450 D. magna L 21 individuals was used for the preparation of prey-conditioned water. This density clearly exceeds mean densities of D. magna in lakes and ponds; however, the distribution of Daphnia is known to be patchy, and the occurrence of Daphnia swarms in nature is well known. This has been attributed to the patchy distribution of food algae and horizontal migration in response to Chaoborus larvae (Kvam and Kleiven, 1995) , which led to the formation of dense swarms of Daphnia longispina with up to 4000 individuals per litre in the littoral zone, which is even an order of magnitude denser than the abundances used here for the preparation of Daphnia incubation water.
Generally, the strike efficiency of Chaoborus larvae increases with increasing prey densities up to a density of 50 prey per litre (Jeschke and Tollrian, 2005) . However, the formation of dense prey swarms can lead to confusion in the predator, resulting in a reduced strike efficiency in Chaoborus obscuripes larvae when facing Daphnia obtusa abundances of 50 individuals per litre or higher (Jeschke and Tollrian, 2005) . On the other hand, this may explain why in treatments with Daphnia incubation water applied to the lower quarter of the experimental tubes, Chaoborus larvae stayed at greater depth than in controls but did not enter the layer with the incubation water. Instead, the larvae lingered in the transition zone of incubation water and control water, where the "smell" of prey is probably only present in traces and so the virtual abundance of Daphnia does not suggest a too dense swarm. This is in line with the conclusions of Jeschke and Tollrian (Jeschke and Tollrian, 2007) , who proposed that confusion of a predator appears to decrease if it is easier for a predator to single out individual prey. This ability to single out individuals includes the ability to concentrate on individuals at the edge of a swarm and to reduce the field of attack.
It has been shown earlier that chemical signals from fish-induced vertical migration in Chaoborus (Dawidowicz et al., 1990) . Here, we show that these compounds can be enriched from fish incubation water by lipophilic solidphase extraction using a protocol that is identical to the enrichment of the fish-borne kairomone that induces DVM in Daphnia (von Elert and Loose, 1996) . The chemical structure of the kairomone inducing DVM in Daphnia has still not been fully elucidated (von Elert et al., 2012) , and it remains to be seen if Chaoborus responds to the same kairomone as Daphnia.
Furthermore, we found that predator kairomones do not prevent Chaoborus larvae from descending to deeper and thus darker water layers, if these layers are chemically signalling the presence of Daphnia prey. This can be explained by the fact that the risk of predation by an optically hunting predator such as perch is probably low in near darkness. On the other hand, Chaoborus as a tactile non-optically hunting sit-and-wait-predator does not suffer any disadvantages from foraging in darkness (Swift and Forward, 1981) . However, fish kairomone still exhibits its repelling effect, if applied exclusively in the top layer of the water column together with Daphnia incubation water. The danger of predation by fish overrides the attraction by the smell of prey, if predation risk in illuminated water layers is high. As a consequence, Chaoborus larvae minimize spatial overlap with the layer of predator residence by migrating to deeper water layers without fish kairomone to avoid predation. This pattern agrees with the well-established pattern of diel vertical migration of Chaoborus larvae in the field (e.g. Luecke, 1986) , which is believed to be induced by fish.
In particular, the experiments by Dawidowicz et al. (Dawidowicz et al., 1990 ) have led to the general opinion that the well-known pattern of DVM in Chaoborus larvae in the field is induced by kairomones released by fish. However, the results of this study strongly suggest that chemical cues released from Daphnia that are seeking refuge from fish predation in the hypolimnetic layer of a stratified lake might contribute to this pattern of DVM in Chaoborus.
The experimental setup used in this study involved actively feeding Daphnia for the preparation of Daphnia incubation water. Generally, in natural lakes, the hypolimnion is considered to contain less edible phytoplankton for Daphnia than the epilimnion. However, this is not always the case, since lakes may have a deep chlorophyll maximum (DCM) and the seston of the DCM does not provide growing conditions that are worse than that of surface waters (Winder et al., 2003) . However, contrary to widely accepted theory, Williamson et al. (Williamson et al., 1996) made observations which showed that strata below the epilimnion to contain food of even better quality than the surface waters, attributing DVM solely to temperatures and predation risk.
The findings of this work have demonstrated that the biological activity of Daphnia incubation water can be entirely removed from active water and can be fully recovered by subsequent elution of the C 18 SPE-cartridge. This is in line with other known aquatic kairomones, which have been shown to be extractable by C 18 SPE. For example, von Elert and Loose (von Elert and Loose, 1996) produced enriched extracts of fish kairomone, as did Tollrian and von Elert (Tollrian and von Elert, 1994) with Chaoborus kairomone. The biological activity has proven to be stable so that lipophilic SPE can be applied to concentrate the activity by several orders of magnitude, which allows for the production of a highly concentrated extract that can be used as a standardized biological activity in subsequent experiments. Also, these results allow for further chemical characterization of the infochemical.
In addition, this work contributes to the understanding of multi-trophic predator-prey systems in general and illustrates the sophistication with which Chaoborus larvae chemically monitor their surroundings. They utilize kairomones to differentiate between potential prey and predators. The results indicate that Chaoborus larvae can weigh the consequences of following the smell of prey into differently dangerous water bodies, so that the observed vertical position in the water column seems to result from balancing benefits and specific trade-offs.
